We have investigated the periodic colony growth of bacterial species Bacillus subtilis. A colony grows cyclically with the interface repeating an advance (migration phase) and a rest (consolidation phase) alternately on a surface of semi-solid agar plate under appropriate environmental conditions, resulting in a concentric ring-like colony. It was found from macroscopic observations that the characteristic quantities for the periodic growth such as the migration time, the consolidation time and the terrace spacing do not depend so much on nutrient concentration C n , but do on agar concentration C a . The consolidation time was a weakly increasing function of C a , while the migration time and the terrace spacing were, respectively, weakly and strongly decreasing function of C a . Overall, the cycle (migration-plus-consolidation) time seems to be constant, and does not depend so much on both C n and C a . Microscopically, bacterial cells inside the growing front of a colony keep increasing their population during both migration and consolidation phases. It was also confirmed that their secreting surfactant called surfactin does not affect their periodic growth qualitatively, i.e., mutant cells which cannot secrete surfactin produce a concentric ring-like colony. All these suggest that the of the nutrient and the surfactin are irrelevant to their periodic growth.
softness are varied. We have so far found that quasi-twodimensional colony patterns grown on agar surfaces are classified into five types in the morphological diagram, i.e., diffusion-limited aggregation (DLA) 1, 7-10, 23-26) -like (region A in Fig. 1 ), Eden 2, 3, 17, 19, 21, 27) -like (B), concentric ring-like 12, 19, 21) (C), homogeneously spreading disk-like 14) (D) and dense-branching-morphology (DBM) 18, 21, 25, [28] [29] [30] -like (E). The growth rates were also very different among these five morphologies. Growth to the size of about 5 cm required about a month in the region A and a week in the region B, while a day in the regions C and E and half a day in the region D. In fact, by microscope observation of growing zones of colonies, two distinct types of growing processes were recognized. In the regions A and B, no active movement of individual cells were observed. Only cells located in the outermost part of a colony have access to nutrient and proliferate by cell division, while cells in the inner part change to spores and enter into a resting phase. On the other hand, in the regions C, D, and E, where agar plates are relatively soft, active cells exhibit a random walk-like movement, which seems to drive the growth of colonies. Thus it seems that the morphological changes of colonies crucially depend on the capability of active cell movement. In fact, Ohgiwari et al. 9) found that a nonmotile mutant with no flagella showed only DLA-like and compact Eden-like colony patterns in all ranges of agar concentration examined. In other words, the regions A and B in Fig. 1 expanded into the entire region, and the regions C, D and E disappeared.
9)
When bacterial cells were initially inoculated on the surface of nutrient-poor and solid agar medium specified teresting and exciting subjects, but it is, in general, very complicated. Understanding it is one of ultimate goals of our study. Pattern formation by populations of simple biological objects may be a good starting point because it is, under some conditions, dominated by purely physical conditions. We will here pay attention to the colony formation of bacteria, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] which are regarded as one of the simplest biological objects.
Throughout this experiment we used a bacterial species called Bacillus (B.) subtilis. This strain is rodshaped (about 0.7 µm in diameter and 2 µm in length) and can move in water by collectively rotating flagella. However, when the environmental condition is adverse, such as on a nutrient-poor or dry substrate, bacterial cells become spores. Here we used the wild type strain (OG-01). Figure 1 shows our results 9, 14, [17] [18] [19] 21) obtained so far on the morphological diagram of bacterial colonies as a function of both the nutrient concentration C n and the inverse of agar concentration C a . In general, bacterial colonies exhibit a variety of patterns, depending on both bacterial species and environmental conditions. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] We have been mainly concerned with how bacterial colonies change their shapes as environmental conditions such as nutrient concentration and medium §1. Introduction
Recently much attention has been paid to pattern formation in various fields from various viewpoints.
1-3) Pattern formation in biological systems is one of the most in-in the region A, a colony exhibited the DLA-like ramified pattern and had clear self-similarity with a fractal dimension of about 1.7. The growth process is governed by the diffusion of nutrient towards the colony, 7, 8) and is now known to be explained in terms of DLA model. 1, 10, [23] [24] [25] [26] As C n increased, DLA-like branches thickened gradually and finally fused together to form a compact pattern, similar to an Eden cluster, 2, 3, 9) in the region B. The growing interface showed, however, a self-affine fractal, 17, 19, 21, 27) which was different from the one expected from the Eden model. 2, 3) In the region D where the agar is soft and nutrient-rich, a colony grew to a homogeneous and disk-like pattern.
14) Under the assumption that active movement of cells be regarded as Brownian movement, it was confirmed that the colony growth is consistent with the solution behavior of the Fisher's equation in population dynamics. In the region E where the nutrient is poor and the agar softness is intermediate, a colony grew radially with a densebranching-morphology (DBM), 18, 21, 25, [28] [29] [30] [31] and its advancing envelope was smoothly rounded in contrast to DLA-like colonies. According to microscopic observations there seem to be two types of bacterial cells; active and inactive cells, the former of which compose a group named as "finger-nail" structure on the tip of each growing branch and drive the tip growth.
18) DBM-like colonies with thinner branches and gaps display shorter branches and move faster, everything depending simply on nutrient concentration C n . 18) In the upper part of the region C, a colony grew by producing a concentric ring-like pattern ( Fig. 2(a) ) that was found to be formed by alternating the region D-like colony expansion (very fast) and the region B-like growth (very slow). 12, 19, 21) A concentric ring-like pattern like this is also formed by a bacterial species Proteus (P.) mirabilis. 15, 16, 20, 22) This species is famous for forming colonies of an impressively regular concentric ring-like pattern (Fig. 2(b) ) and its biological features are well-known. Based on our observations described above, some reaction-diffusion type models for the population density of bacterial cells and the concentration of nutrient have been proposed. 19, 21, [30] [31] [32] [33] [34] Mimura's model 19, 21, 34) is one of them and its essential assumption inspired by our observation is that there exist two types of bacterial cells; active cells that move actively, grow and perform cell division, and inactive ones that do nothing at all. This model is found to be able to reproduce globally all the colony patterns seen in the experimentally obtained morphological diagram shown in Fig. 1 , and is apparently quite satisfactory. The pattern formation of bacterial colonies of species B. subtilis has just about to be elucidated from both experimental and numerical points of view. In this paper we will especially focus on the concentric ring-like colony in the region C, show experimental results and discuss tentative attempts to elucidate the growing mechanism. §2. Experimental Procedures
In our morphological diagram shown in Fig. 1 we varied only two environmental conditions; concentrations of nutrient C n and agar C a of the medium agar plates. Other parameters such as temperature (35
• C) and humidity (90%RH) were kept constant.
Experimental procedures are very simple. A solution containing 5 g of sodium chloride (NaCl), 5 g of dipotassium hydrogenphosphate (K 2 HPO 4 ) and a specified amount of BACTO-PEPTONE Laboratories, Detroit, USA) as nutrient in 1 liter of distilled water was made, and adjusted the solution at pH = 7.1 by adding 6N hydrochloric acid. The solution was then mixed with a specified amount of BACTO-AGAR (Difco). Values of C n and C a as the environmental parameters were determined at this stage. The solution was autoclaved at 121
• C for 15 min, and then usually 20 ml of the solution was poured into each sterilized plastic petri dish with an inner diameter of 88 mm. But in this experiment for ring-like colonies in the region C, we specially used the petri dish with 10 ml of the solution poured, because we wanted to see more number of rings. After solidification at room temperature for 60 min, the agar plates were dried at 50
• C for 120 min. The thickness of the agar plates thus prepared is about 1.6 mm.
3 µl of the liquid culture which was adjusted at optical density (OD) of 0.5 (wavelength 600 nm) was inoculated at the center of each agar plate surface. The plates were incubated in a humidified box at 35
• C and 90%RH for designated time. Bacterial colonies grew quasi-twodimensionally on the agar plate surface.
Macroscopic colony patterns obtained thus were photographed by a digital camera C1400L (Olympus, Tokyo). The growth of colonies was recorded on video tapes by a time-laps video SVT-S5100 (SONY, Tokyo) through CCD cameras CS572S (Sankei, Tokyo) and MC-780P (Texas Instruments, USA). Microscopic growth processes were also recorded on video tapes through a microscope DIAPHOT-TMD (Nikon, Tokyo). 
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Microscopic observations
We can see the colony growth microscopically by an optical microscope. There are many bacterial cells inside the colony and they move around actively during migration phases. Figures 3(b1)-3(b8) show a series of microscopic snapshots of a colony during its growth in the region C. After inoculation on an agar plate surface the population density of bacterial cells inside the inoculation spot increased gradually (initial lag phase: Figs. 3(b1) and 3(b2)). Then many branches consisting of groups of active bacterial cells came out suddenly from the edge of the inoculation spot (beginning of the first migration phase: Fig. 3(b3) ). The branches fused together at many places during the migration phase (Fig. 3(b4) ). The end of the migration phase was approaching with no intimation, i.e., the growth of branches suddenly stopped. It was the beginning of the colony growth, as for P. mirabilis. 15, 16, 20, 22) The lag phase represents the initial stage of colony growth from inoculation till the first migration. The colony itself does not grow during this period, although cell division takes place actively and cell number increases inside the inoculation spot (Figs. 3(b1) and 3(b2) ). It looks as if cells prepare their first migration (Figs. 3(a1) and 3(a2) ). The colony then grows (first migration phase: Figs. 3(a3) and 3(a4)) and rest (first consolidation phase: Figs. 3(a5) and 3(a6)) alternately, forming a concentric ring-like pattern, as seen in Fig. 2(a) . Each colony terrace corresponds to one migration-plus-consolidation cycle. These features are similar to the case of a P. mirabilis colony except its much more regular and smoothly rounded terraces ( Fig. 2(b) ).
First of all, we examined the dependences of migration time, consolidation time and terrace spacing on concentrations of nutrient C n and agar C a . As shown in Figs. 4(a) and 4(b) , it was confirmed that the migration time, the consolidation time and the terrace spacing were almost constant as a function of C n over the wide range. On the other hand, as shown in Figs. 5(a) and 5(b), it was observed that the consolidation time is a weakly increasing function of C a , while the migration time and the terrace spacing are, respectively, weakly and strongly decreasing function of C a even in such a narrow range. Overall, the cycle (migration-plusconsolidation) time seems to be constant, and does not depend so much on both C n and C a .
Mesoscopic observations
One or more internal waves were sometimes observed to advance toward the growing front from around the inner terrace during migration phase (Fig. 6(a) ). They were seen with naked eyes, too. The internal waves consisted of many active bacterial cells (Fig. 6(b) ), which originated around the edge of the inner terrace. In the case of a P. mirabilis colony, 16, 20) many internal waves also advance successively towards the outermost terrace front, even after the front stopped moving. Each internal wave of a B. subtilis colony consists of a superimposed monolayer of swarming cells moving towards the growing front. just §3. Experimental Results
Macroscopic observations
Figure 2(a) shows a whole colony grown on a nutrientrich semi-solid agar medium (C a = 6.8 g/l, C n = 40 g/l). Such an environmental condition is located in the upper part of the region C in Fig. 1 . The growth of a concentric ring-like colony as shown in Fig. 2(a) was not sensitive for high nutrient concentration C n (≥ 30 g/l), but was very sensitive to agar concentration C a since it was only seen in a narrow range of C a from 6.5 g/l to 6.8 g/l between the regions B and D. By macroscopic observations with a time-laps video system, it was found that the concentric ring-like pattern was formed by alternating the region Dlike colony expansion (very fast) and region B-like growth (very slow), respectively.
Figures 3(a1)-3(a8) show a series of macroscopic snapshots of the colony growth. We can distinguish three phases (initial lag phase, the following migration and consolidation phases that appear alternately) during the In this paper we have investigated experimentally the growth of concentric ring-like colonies of bacterial species B. subtilis. Periodic patterns are also seen in other bacterial species such as P. mirabilis as well as in nature and in many branches of science. Famous examples are Belousov-Zhabotinsky reaction in chemical reaction and Liesegang band formation in crystal growth in gels. Although the appearance of periodic patterns in both physico-chemical systems and biological systems look similar to each other, there are certainly some diffirst consolidation phase (Fig. 3(b5) ). During the consolidation phase cell density continued to increase and branches were thickening gradually. Especially the cell density increased more and more at the edge of the outermost terrace of the colony (Fig. 3(b6) ). When the second migration phase started, many branches again came out from the outermost terrace (Fig. 3(b7) ). This alternate process of migration and consolidation repeats again and again afterwards.
3.4 Periodic growth by mutant cells which do not secrete surfactant It is known that bacterial species B. subtilis secretes surfactant called surfactin which plays an important role for the cell movement on the surface of an agar plate. The periodic growth of a B. subtilis colony that alternates a migration phase similar to the growth in the region D and a consolidation phase similar to the one in the region B is only seen in the region C of Fig. 1 . This region lies in a very narrow range of the agar concentration C a between the region B where bacterial cells do not move actively inside the colony and the region D where they move actively inside it. It is, therefore, conceivable that the existence of their secreta surfactin has something to do with the appearance of the region C. To confirm this we examined whether the mutant cells of B. subtilis which do not secrete surfactin make a concentric ring-like colony. If they still make a concentric ring-like colony, then their secreta surfactin is not relevant to the periodic growth.
The mutant cells used here that cannot secrete surfactin was obtained from the wild type strain (OG-01) by nitrosoguanidine-mutagenesis. Figure 7 clearly shows the periodic growth of the mutant cells. The result that the mutant cells were also able to form a concentric ringlike colony clearly implies that the surfactin is not essential for the emergence of periodic growth. Terrace spacing is shown as a function of nutrient concentration C n . It was found to be almost constant for C n and the avaraged value of the terrace spacing was given by 5.3 mm. Averages were taken over at least 10 measurements. We omitted the first migration and consolidation times and the first terrace spacing from averaging since they were very scattered and difficult to measure. Agar concentration was fixed at C a = .8 g/l. 6 seems to drive the colony growth. The cell population density around the colony interface in the consolidation phase continued to increase. Furthermore, even if the nutrient concentration C n is increased very much in the region C in Fig. 1 , the periodic growth can be observed even more clearly. These results suggest that the diffusion of the nutrient is irrelevant for their periodic growth. B. subtilis cells secrete surfactant called surfactin which plays an important role for their movement on the surface of an agar plate. The surfactin certainly enhances the cell motility. As shown in §3.4, however, the mutant cells which do not secrete surfactin were also able to form a concentric ring-like colony. This means that their secreta surfactin is irrelevant to the occurrence of their periodic growth. It is, therefore, implied that the improvement of cell motility does not necessarily give rise to the periodic growth.
From our macroscopic observations for the periodic growth shown in §3.1, it was found that the spatiotemporal characteristics of a concentric ring-like colony, such as the migration time, the consolidation time and the terrace spacing were almost constant for nutrient concentration C n , but not constant for agar concentraferent features. Nevertheless, we still hope to understand to some extent the growth mechanisms in biological systems from a physics viewpoint. There may exist some universal mechanisms even for biological pattern formation in common with physico-chemical systems.
When we meet such a regular concentric ring-like pattern made by some microorganisms, we tend to think that it may be caused by their genes. However, we still hope that we can understand the periodic growth mechanism in B. subtilis colonies from a macroscopic viewpoint. In §3.3 we showed the periodic growth process by an optical microscope. It turned out that the internal waves consist of many active bacterial cells and its flow Terrace spacing is shown as a function of agar concentration C a . It was found to be a strongly decreasing function for C a . Averages were taken over at least 10 measurements. We used here only second migration time, second consolidation time and second terrace spacing, since the other ones were difficult to measure. Nutrient concentration was fixed at C n = g/l. 46 is normally flagellated and short (about 1.5-2.0 µm in length) and a swarmer cell which is hyperflagellated and long (about 10-80 µm in length) when it is cultivated on the surface of an agar plate. The swarmer cells have strong motility thanks to their hyperflagellation and they tion C a . The more the agar concentration increased within the narrow range of C a in the region C (which means that the harder the agar substrate became), the narrower the terrace spacing became. This is rather trivial. The more interesting point is that the migration time was shortened and the consolidation time extended. Overall, the cycle (migration-plus-consolidation) time seems to be constant, and does not depend so much on both C n and C a . The insensitivity of the spatio-temporal characteristics on C n suggests again that the diffusion of nutrient is irrelevant for the periodic growth seen in the region C. These dependencies on C n and C a were also seen for P. mirabilis colonies (Fig. 2(b) ) which grow smoothly rounded concentric ring-like colonies in more wide range of C a than B. subtilis colonies and its cycle time is apparently constant independently of environmental conditions such as C n and C a . 16) In our previous paper 20) it was found that P. mirabilis swarmer cells move collectively and there seem to be two threshold values of cell population density for their capability of activity. That is to say, when the cell population density at the migration front decreases less than some lower threshold, then the front stops, while when the cell density at the outermost consolidation terrace increases more than some higher threshold, then the following migration starts. All the experimental results described in this paper also suggest that the periodic growth of B. subtilis may be explained by the same mechanism as that of P. mirabilis. If other bacterial species also form concentric ring-like colonies, then it is considered to be a universal pattern. We have confirmed experimentally that the bacterial species Serratia marcescens forms a concentric ring-like colony, too. P. mirabilis cannot secrete surfactant such as B. subtilis does, but they exhibit the cyclic process of cell differentiation and dedifferentiation between a swimmer cell which migrate in group by making rafts together to expand their territory. They can, therefore, move on an harder agar surface.
Some numerical models have been proposed, whic are considered as one of other important approaches to undesrtand the growth mechanism.
19, 21, 30-34) Mimura's model 19, 21, 34) is one of those models, and its essential assumption is that there exist two types of bacterial cells; active cells that move actively, grow and perform cell division, and inactive ones that do nothing at all. This model is found to be able to reproduce globally all the colony patterns seen in the experimentally obtained morphological diagram shown in Fig. 1 , and apparently quite satisfactory. However, the model explains the periodic growth by the competition of the cell movement and nutrient depletion and diffusion, which seems to be irrelevant to our case. Cell division was also observed to take place rather actively during consolidation phases ( §3.3), in contradiction to the model. Lacasta et al. also proposed two coupled reaction-diffusion equations for bacteria and nutrient concentrations, where the bacterial diffusion coefficient can adopt two different expressions, corresponding to two possible mechanisms of motion between short bacteria and long bacteria. This model was also found to be able to reproduce the fiv different colony patterns. However, it is not clear that the assumption of the bacterial diffusion coefficient whic is based on two possible mechanisms of cell motion for short bacteria and long bacteria is true in the case of B. subtilis. Making plausible and consistent models is still an interesting future problem.
Although it is very difficult to understand the growth mechanism of concentric ring-like patterns in various systems, we still believe that there may exist simple and universal mechanisms which are independent of individual components and common to many systems. We hop that the experimental results presented here will con-
